Glucose acutely stimulates proinsulin synthesis in pancreatic β-cells through a poorly understood post-transcriptional mechanism. In the present study, we demonstrate in pancreatic β-cells that glucose stimulates the recruitment of ribosomeassociated proinsulin mRNA, located in the cytoplasm, to the ER (endoplasmic reticulum), the site of proinsulin synthesis, and that this plays an important role in glucose-stimulated proinsulin synthesis. Interestingly, glucose has greater stimulatory effect on the recruitment of proinsulin mRNA to the ER compared with other mRNAs encoding secretory proteins. This, as far as we are aware, is the first example whereby mRNAs encoding secretory proteins are selectively recruited to the ER and provides a novel regulatory mechanism for secretory protein synthesis. Contrary to previous reports, and importantly in understanding the mechanism by which glucose stimulates proinsulin synthesis, we demonstrate that there is no large pool of 'free' proinsulin mRNA in the cytoplasm and that glucose does not increase the rate of de novo initiation on the proinsulin mRNA. However, we show that glucose does stimulate the rate of ribosome recruitment on to ribosome-associated proinsulin mRNA. In conclusion, our results provide evidence that the selective recruitment of proinsulin mRNA to the ER, together with increases in the rate of initiation are important mediators of glucose-stimulated proinsulin synthesis in pancreatic β-cells.
INTRODUCTION
Nutrients such as glucose stimulate the rapid release of insulin from the pancreatic β-cell [1] . To ensure the immediate replenishment of insulin, there is a rapid and specific increase in proinsulin synthesis (10-20-fold within 40 min) [2, 3] . This acute increase in proinsulin synthesis is mediated via a posttranscriptional mechanism as it occurs both in the absence of any change in proinsulin mRNA abundance [3] and in the presence of transcription inhibitors [4] [5] [6] . However, the mechanism by which glucose rapidly stimulates proinsulin synthesis is poorly understood.
Previous reports have indicated that de novo initiation (defined here as the recruitment of ribosomes on to ribosome-free mRNA) plays a key role in the regulation of proinsulin synthesis in response to glucose [3, [7] [8] [9] . Indeed, based on these studies, it is thought that glucose stimulates proinsulin synthesis through the recruitment of ribosomes on to a large inert cytoplasmic pool of 'free' proinsulin mRNA (i.e. non-ribosome associated) [3, [7] [8] [9] . The mechanism by which these reported increases in the rate of de novo initiation on the proinsulin mRNA occurs is unknown. The 5 -UTR (5 -untranslated region) of the proinsulin mRNA is predicted to form a stem-loop structure [10, 11] , which may act in a way analogous to that of the iron-responsive element found in the 5 -UTR of the ferritin mRNA [12] . Indeed, more recently, it has been demonstrated that the 5 -UTR of the proinsulin mRNA can promote glucose-stimulated proinsulin synthesis [13] . Other elements within the proinsulin mRNA have also been reported to be important for glucose-stimulated proinsulin synthesis [13] [14] [15] . The 3 -UTR has been shown to stabilize the proinsulin mRNA in response to glucose through binding to the polypyrimidine tractbinding protein [14, 15] .
It has also been reported that glucose may stimulate proinsulin synthesis by promoting the release of SRP (signal recognition particle) from the proinsulin mRNA RNC (ribosome nascent chain)-SRP complex through interaction with the SR (SRP receptor) [3, [7] [8] [9] (see [16, 17] for reviews on SRP/SR). This is primarily based on results showing that glucose stimulates the recruitment of approx. 15-38 % of the proinsulin mRNA to the ER (endoplasmic reticulum), the site of proinsulin synthesis [3, [7] [8] [9] . Additionally, it has been reported that proinsulin protein elongation rates are specifically up-regulated between 0 and 3.3 mM glucose [7] ; however, these increases are fairly modest and occur only at low glucose concentrations and again are therefore unlikely to play a major role in glucose-stimulated proinsulin synthesis.
In the present study, we demonstrate, in pancreatic β-cells, that glucose stimulates the selective recruitment of the proinsulin mRNA from a cytoplasmic pool of ribosome-associated proinsulin mRNA to the ER. In vitro translation of proinsulin mRNA isolated from membranes or translation of proinsulin mRNA in situ (i.e. on the ER) demonstrates that the recruitment of the proinsulin mRNA to the ER plays a significant role in glucose-stimulated proinsulin synthesis. Contrary to previous reports [1, [3] [4] [5] [6] [7] , we show that: (i) there is no detectable inert pool of 'free' proinsulin mRNA and (ii) glucose does not Abbreviations used: CPH, carboxypeptidase-H; DTT, dithiothreitol; ER, endoplasmic reticulum; ERK, extracellular-signal-regulated kinase; KRB, Krebs-Ringer bicarbonate buffer; MIN6, mouse insulinoma cell line 6; mRNP, messenger ribonucleoprotein; PC2, prohormone convertase 2; poly(A) + , polyadenylated; RNC, ribosome nascent chain; RRL, rabbit reticulocyte lysate; SRP, signal recognition particle; SR, SRP receptor; UTR, untranslated region. 1 To whom correspondence should be addressed (email tph4@le.ac.uk).
stimulate de novo initiation on the proinsulin mRNA. However, we demonstrate that glucose does stimulate an increase in ribosome recruitment on to ribosome-associated proinsulin mRNA.
EXPERIMENTAL

Chemicals and materials
Analytical grade biochemicals were purchased from Fisher Scientific (Loughborough, Leics., U.K.) and Sigma, unless otherwise specified. RRLs (rabbit reticulocyte lysates; nucleasetreated), mRNA selection poly(A) + (polyadenylated) tract mRNA isolation system II, Klenow fragment and dNTPs were obtained from Promega (Chilworth, Southampton, U.K. 
Cell culture and treatment
MIN6 cells (mouse insulinoma cell line 6; kindly provided by Professor J.-I. Miyazaki, Department of Surgery and Surgical Basic Science, Graduate School of Medicine, Kyoto University, Kyoto, Japan) were used at approx. 80 % confluence between passages 16 and 28. MIN6 cells were grown in Dulbecco's modified Eagle's medium containing 25 mM glucose supplemented with 15 % (v/v) heat-inactivated foetal calf serum, 100 µg/ml streptomycin, 100 units/ml penicillin sulphate and 75 µM 2-mercaptoethanol, equilibrated with 5 % CO 2 and 95 % air at 37
• C. Before treatment, the medium was removed and the cells were washed twice in Hepes-balanced KRB (KrebsRinger bicarbonate buffer; 115 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 2.5 mM MgCl 2 , 2.5 mM CaCl 2 and 20 mM Hepes, pH 7.4) containing 0.5 % BSA. Cells were then preincubated for 1 h at 37
• C in KRB containing 2 mM glucose (unless otherwise stated in the Figure legends) before incubation in KRB containing 2 or 20 mM glucose for a further 1 h (unless otherwise stated in the Figure legends) . During the final 10 min, cycloheximide was added to the cells at a concentration of 100 µg/ml to prevent ribosomal run-off (unless otherwise stated).
Polysome analysis
After treatment, cells were lysed in polysome buffer (20 mM Hepes, pH 7.6, 15 mM MgCl 2 , 300 mM KCl, 1 mg/ml heparin, 0.1 mg/ml cycloheximide, 1 mM DTT (dithiothreitol), 1 µl/ml RNA Guard TM , 1 mM benzamidine/HCl, 0.1 mM PMSF, 1 µg/ ml leupeptin and 1 µg/ml pepstatin) supplemented with 1 % Triton. Cell lysates were centrifuged at 13 000 g for 10 min at 4
• C to remove nuclei and cell debris. The supernatants were then layered on to either 7-47 % or 20-50 % sucrose gradients (made in polysome buffer) and centrifuged at 39 000 rev./min for 2 h at 4
• C in a Sorvall TH64.I rotor (radius 7.19-15.32 cm). The gradients were fractionated using an ISCO gradient fractionator that continuously measured absorbance A at 254 nm. RNA, for Northern-blot analysis, was precipitated overnight at − 80
• C from each fraction by the addition of 3 vol. of 8 M guanidinium chloride and 4 vol. of ethanol.
Subcellular fractionation: consecutive centrifugation method
After treatment, as described above and in the Figure legends, cells were disrupted in homogenization buffer (250 mM sucrose, 250 mM KCl, 10 mM MgCl 2 , 10 mM Tris/HCl, pH 7.5, 1 mM EDTA, 2 mM DTT, 1 µl/ml RNA Guard TM , 0.1 mg/ml cycloheximide, 1 mM benzamidine/HCl, 0.1 mM PMSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin and 1 mg/ml heparin) and homogenized with 12 strokes in a Dounce homogenizer (20 strokes for islets). The homogenate was centrifuged at 1200 g for 2 min at 4
• C to pellet unlysed cells and nuclei. The supernatant was then centrifuged at 6000 g for 20 min at 4
• C to pellet membranes (P6 fraction). The supernatant was removed and centrifuged at 18 000 g for 20 min at 4
• C to pellet any residual membranes (P18 fraction). The supernatant was finally centrifuged at 200 000 g for 20 min at 4
• C resulting in a pellet containing ribosomes and mRNPs (messenger ribonucleoproteins; P200) and the supernatant containing 'free' mRNA (S200). The pellets were resuspended in Triton lysis buffer (1 % Triton, 20 mM Hepes, pH 7.6, 300 mM KCl, 15 mM MgCl 2 , 2 mM DTT, 1 µl/ml RNA Guard TM , 0.1 mg/ml cycloheximide, 1 mg/ml heparin, 1 mM benzamidine/HCl, 0.2 mM PMSF, 1 µg/ml leupeptin and 1 µg/ml pepstatin). Laemmli sample buffer [31] was added to an aliquot of each fraction for Western-blot analysis and RNA was precipitated from the remaining samples for Northern-blot analysis. This consecutive centrifugation method of fractionation is an adaptation of a method by Frey et al. [18] .
Subcellular fractionation: digitonin cell permeabilization method
After treatment, as described above and in the Figure legends , the cells were washed with PBS containing 0.1 mg/ml cycloheximide. The cells were then detached from the plate using trypsin/EDTA solution (Invitrogen) supplemented with 0.1 mg/ml cycloheximide. Cells were pelleted at 250 g for 2 min at 4
• C and the supernatant was removed. The cells were then resuspended in polysome buffer containing 80 µg/ml digitonin (Merck Biosciences) and incubated on ice for 5 min. Digitoninpermeabilized cells were pelleted at 250 g for 3 min at 4
• C. The supernatant containing the cytosol was called the cytosolic fraction and the digitonin-permeabilized cell pellet was called the membrane fraction. Laemmli sample buffer was added to an aliquot of each fraction for Western-blot analysis and RNA was isolated from the remaining samples using TRI reagent (Sigma) for Northern-blot analysis.
SDS/PAGE, Western blotting and immunoprecipitation
Anti-ERK2 (where ERK2 stands for extracellular-signalregulated kinase 2) antiserum was purchased from New England Biolabs (Hitchin, Herts., U.K.). Anti-bovine proinsulin antibody was purchased from Sigma. Anti-SRP54 antibody was purchased from Becton Dickinson (Cowley, Oxford, U.K.). Western blotting, SDS/PAGE and immunoprecipitations were performed as described previously [19] .
In vitro and in situ translations
RRLs were used either as provided by the manufacturer or depleted of ribosomes (ribosomes were pelleted by two consecutive centrifugations at 200 000 g for 20 min at 4
• C). For in situ and in vitro translations, membranes were isolated using the consecutive centrifugation method of subcellular fractionation. For in situ translation, the membrane fraction was washed twice in KHM buffer (25 mM K-Hepes, pH 7.2, 50 mM KOAc, 5 mM MgOAc, 1 mM DTT and 1 µl/ml RNA Guard TM ) and resuspended in KHM buffer. The membranes were then added to an RRL in vitro translation system and associated mRNAs were translated in the presence of [
35 S]methionine for 1 h at 30
• C according to the manufacturer's instructions. After the in situ translation reaction, the membranes, containing proteins translocated into the ER, were pelleted at 6000 g for 20 min at 4
• C and resuspended in Laemmli sample buffer. For in vitro translations, total RNA was isolated from the membrane fractions using TRI reagent. mRNA was then isolated from total RNA using the poly(A) + tract mRNA isolation system II. mRNA was then translated using the RRL translation system in the presence of [
• C according to the manufacturer's instructions. Proinsulin was immunoprecipitated from the reaction and Laemmli sample buffer was added. All translated products were electrophoresed through SDS/polyacrylamide gels and visualized by autoradiography.
Northern blotting
RNA samples were heated at 65
• C for 10 min in RNA sample buffer (Sigma). RNA samples were cooled on ice and run on 1 % agarose formaldehyde gels. RNA was transferred by capillary action on to Hybond-N membrane (Amersham Biosciences) and fixed. [α-
32 P]dCTP radiolabelled cDNA probes were generated using Prime-a-Gene ® labelling system (Promega). Unincorporated [α-32 P]dCTP was removed by spinning through Probequant TM G50 columns (Amersham Biosciences). Membranes were prehybridized at 65
• C for 1 h in Church Gilbert solution (0.5 M NaHPO 4 , pH 7.2, 1 mM EDTA and 7 %, w/v, SDS) supplemented with denatured salmon sperm DNA (60 µg/ml) before the addition of the denatured radiolabelled probe and hybridization overnight. The membranes were then washed twice for 15 min in 2 × SSC (where 1 × SSC is 0.15 M NaCl/0.015 M sodium citrate) and 0.1 % SDS at room temperature (25 • C) and once for 15 min in 0.2 × SSC and 0.1 % SDS at 60
• C. The hybridized cDNA probes were visualized by autoradiography.
Islet isolation and culturing
Pancreatic islets were isolated from 200-250 g Wistar rats by collagenase digestion and Histopaque density-gradient centrifugation as described previously [20] . Islets were used immediately. Details of treatments are provided in the Figure legends. During the final 10 min, cycloheximide was added to the cells at a concentration of 100 µg/ml to prevent ribosomal run-off. After treatment, islets were collected by centrifugation at 16 000 g for 1 min. RNA for Northern-blot analysis was isolated using TRI reagent.
RESULTS
Glucose stimulates the selective recruitment of proinsulin mRNA to the ER
To determine the mechanism by which glucose specifically stimulates proinsulin synthesis in pancreatic β-cells, we initially investigated the effect of glucose on the recruitment of proinsulin mRNA to the ER, the site of proinsulin synthesis.
MIN6 cells, a mouse pancreatic β-cell line that synthesizes and secretes insulin in response to physiologically relevant glucose concentrations [21, 22] , were preincubated in KRB containing 0.5 or 2 mM glucose for 1 h followed by incubation in KRB containing the same glucose concentrations or 20 mM glucose for a further period of 1 h. The cells were then lysed and the lysates fractionated by consecutive centrifugation to generate a fraction enriched with ER and associated mRNAs (P6 fraction), a P200 fraction containing polysomal mRNA/mRNPs and an S200 fraction containing 'free' mRNAs (i.e. mRNA that is neither protein nor ribosome bound). The location of specific mRNAs within each fraction was determined by Northern-blot analysis (Figures 1a and 1b) .
At a low glucose concentration, the majority of proinsulin mRNA was found in the P200 fraction, whereas at high glucose concentration, the majority of proinsulin mRNA was found in the P6 fraction (Figures 1ai and 1bi ). Therefore glucose stimulates the recruitment of proinsulin mRNA to the ER. At either low or high glucose concentration, no 'free' proinsulin mRNA was detected in the S200 fraction (Figures 1ai and 1bi ). To ascertain whether glucose also caused a redistribution of other mRNAs encoding secretory proteins, the subcellular distributions of PC2 (prohormone convertase 2) and CPH (carboxypeptidase-H) mRNAs were also investigated (Figures 1a and 1b) . In contrast with proinsulin mRNA, at either low or high glucose concentration, a large proportion of PC2 and CPH mRNAs were found to be associated with the ER (Figures 1a and 1b) . As for proinsulin mRNA, an increase in glucose concentration stimulated the recruitment of both CPH and PC2 to the ER. However, the stimulatory effect of glucose on the recruitment of either PC2 or CPH mRNA to the ER was significantly less than the effect of glucose on the recruitment of proinsulin mRNA (Figures 1a and 1b). At either low or high glucose concentration, no PC2 or CPH mRNA was found free in the cytoplasm (S200 fraction; Figures 1ai and 1bi). mRNA encoding actin, which is translated in the cytoplasm, was found almost exclusively in the P200 fraction at either low or high glucose concentration (Figures 1ai and  1bi ). However, glucose also stimulated the recruitment of a small proportion of the actin mRNA to the ER (Figures 1a and 1b) .
To determine the efficiency of the subcellular fractionation procedure, protein samples were analysed by Western blotting using antibodies against calreticulin, an ER luminal protein, and ERK2, a protein primarily located in the cytoplasm (Figure 1c) . Calreticulin was only found in the P6 fraction, whereas ERK2 was only detected in the S200 fraction ( Figure 1c ). As the recruitment of mRNAs encoding secretory proteins to the ER is mediated by the SRP [16] , we also investigated the subcellular distribution of SRP using an antibody directed against SRP54 (Figure 1c ). At both low and high glucose concentrations, SRP54 was predominantly found free in the S200 fraction ( Figure 1c ). No consistent recruitment of SRP54 from the cytosol (S200) to the ER membrane (P6) in response to an increase in glucose concentration was detected ( Figure 1c ).
It has been reported that there is a 20 min lag phase between the addition of glucose and an increase in proinsulin synthesis [3, 20] . To discover whether this lag period correlated with the time taken for the proinsulin mRNA to be recruited to the ER, a time course of glucose-stimulated recruitment of proinsulin mRNA to the ER was determined (Figure 1d ). Glucose was shown to stimulate rapidly the recruitment of proinsulin mRNA to the ER (within 10-20 min). Therefore it is possible that the time taken for the recruitment of proinsulin mRNA to the ER is responsible for the previously observed delay in glucose-stimulated proinsulin synthesis.
Given the importance of these observations in our understanding of how glucose specifically stimulates proinsulin synthesis, we investigated the subcellular localization of proinsulin mRNA using an alternative technique in which the cells were permeabilized with digitonin and the cytosol washed out, leaving mRNAs bound to the ER associated to the permeabilized cells ( Figure 2 ). This technique has been previously used to successfully fractionate cytosolic mRNAs from ER-bound mRNAs [23] .
MIN6 cells were preincubated in KRB containing 2 mM glucose for 1 h followed by incubation in KRB containing either 2 or 20 mM glucose for a further 1 h. The cells were then fractionated using the digitonin fractionation technique. At low glucose concentration, proinsulin mRNA was located MIN6 cells were preincubated in KRB containing 0.5 or 2 mM glucose for 1 h followed by incubation for a further period of 1 h at the same glucose concentration or 20 mM glucose. Cells were fractionated by consecutive centrifugation resulting in a membrane fraction (P6), a residual membrane fraction (P18), a polysome fraction (P200) and a supernatant fraction containing free mRNAs (S200); 10 % refers to 10 % of total RNA/protein. (ai, bi) RNA isolated from each fraction was run on a 1 % agarose formaldehyde gel, transferred on to a nylon membrane and probed for proinsulin (PI), PC2, CPH and actin mRNAs. (aii, bii) The percentage increase in mRNA levels at the ER in response to high glucose was determined by quantification of bands from Northern-blot analysis using ImageJ. The error bars indicate the S.E.M. (n = 7). Significant differences are indicated by *P < 0.05 (two sample t test). (c) Protein samples from each fraction (8 % of the P6/P18/P200 fraction and 1 % of the S200 fraction) were run on SDS/PAGE (12.5 % polyacrylamide) and subjected to immunoblotting with anti-ERK2, calreticulin and SRP54 antibodies. Detection was by enhanced chemiluminescence. (d) Time course of the recruitment of proinsulin mRNA to the ER. MIN6 cells were incubated in KRB containing 0.5 mM glucose followed by incubation for the times indicated in KRB containing 20 mM glucose. Results presented are representative of three separate experiments.
primarily in the cytosol, whereas at high glucose concentration, the majority of proinsulin mRNA was found to be associated with the ER (membrane fraction) (Figure 2a ). In contrast, CPH and PC2 mRNAs, at either low or high glucose concentration, were primarily located at the ER (membrane fraction). However, glucose still stimulated the recruitment of PC2 and CPH mRNAs to the ER (Figure 2a ). As expected, the actin mRNA was mainly found in the cytosolic fraction (Figure 2a) . However, glucose stimulated the recruitment of a small fraction of the actin mRNA to the ER (Figure 2a) .
To determine the efficiency of the subcellular fractionation procedure, the localization of calreticulin and ERK2 was determined by Western-blot analysis (Figure 2b) . Calreticulin was only found in the membrane fraction, whereas ERK2 was only detected in the cytosolic fraction (Figure 2b ), confirming the efficiency of the fractionation process. We also investigated the subcellular distribution of SRP using an antibody directed against SRP54 (Figure 2b ). At both low and high glucose concentrations, SRP54 was predominantly found free in the cytoplasmic fraction (Figure 2b) . Therefore, using two complementary techniques, we provide evidence that: (i) glucose may stimulate the recruitment of all mRNAs encoding secretory proteins to the ER, (ii) the recruitment of proinsulin mRNA to the ER at low glucose concentration is selectively inhibited and (iii) glucose preferentially stimulates the recruitment of proinsulin mRNA to the ER at high glucose concentration.
Glucose-stimulated recruitment of proinsulin mRNA to the ER is important in glucose-stimulated proinsulin synthesis
To investigate whether the recruitment of proinsulin mRNA to the ER was an important mediator of glucose-stimulated proinsulin synthesis, membranes and associated mRNAs were isolated from MIN6 cells incubated at either low or high glucose concentration, the mRNA was translated in situ on the ER in a RRL cell-free translation system and the rate of proinsulin synthesis assessed (Figure 3a) . The rate of proinsulin synthesis from the in situ translation reaction was 3.5-fold higher for membranes isolated from cells incubated at high glucose concentration compared with those incubated at low glucose concentration (Figure 3a) . The depletion of ribosomes from the RRL had no effect on the rates of translation of proinsulin, indicating that the synthesis of proinsulin in situ is directed by endogenous ribosomes present within the ER fraction (results not shown). These results provide evidence that glucose-stimulated recruitment of proinsulin mRNA to the ER is sufficient to stimulate proinsulin synthesis significantly.
To determine whether this increase in the synthesis of proinsulin at the ER is solely the consequence of increased proinsulin mRNA levels, mRNA was purified from membrane fractions isolated from cells incubated at either low or high glucose concentration and translated in vitro, and the rates of proinsulin synthesis were determined (Figure 3b ). The synthesis of proinsulin was found to be approx. 2-3-fold higher from membrane-associated mRNAs isolated from cells incubated at high glucose concentration compared with those incubated at low glucose concentration (Figure 3b) . The differences in the rate of proinsulin synthesis at low versus high glucose concentration are similar to that seen in the in situ translation reactions (see Figure 3a) .
In order to compare the rates of proinsulin synthesis from the in situ and in vitro translations with the rates of proinsulin synthesis in vivo, MIN6 cells were incubated at low or high glucose concentration in KRB in the presence of [
35 S]methionine and the rates of proinsulin synthesis were assessed (Figure 3c ). In vivo, glucose stimulated approx. 5-6-fold increase in proinsulin synthesis. Glucose therefore stimulated an approx. 2-fold greater increase in proinsulin synthesis in vivo compared with that observed for in vitro or in situ translation reactions of membraneassociated proinsulin mRNA.
Therefore, taken together, these results provide evidence that glucose-stimulated recruitment of proinsulin mRNA to the ER plays a significant role in glucose-stimulated proinsulin synthesis. However, these results also indicate that additional mechanisms must also contribute to glucose-stimulated proinsulin synthesis.
Glucose stimulates the recruitment of ribosomes on to ribosome-associated proinsulin mRNA
To investigate which additional mechanisms may be important in glucose-stimulated proinsulin synthesis, we performed polysome profile analysis (Figure 4 ). MIN6 cells were incubated for 1 h in KRB containing either 2 or 20 mM glucose before cell lysis and sucrose sedimentation gradient centrifugation.
Increasing the glucose concentration from 2 to 20 mM led to a large decrease in the 80 S monosomal peak along with an increase in the number of polysomes (Figure 4ai ). This indicates that glucose stimulates the recruitment of ribosomes on to mRNAs and hence stimulates an increase in the rate of initiation. Indeed, we have recently shown that glucose stimulates an increase in the initiation step of protein synthesis in MIN6 cells [19] . At low glucose concentration, proinsulin mRNA was found to cosediment with either monosomes or small polysomes (Figures 4ai  and 4ii) . Upon an increase in glucose concentration from 2 to 20 mM, there was a small but significant shift of the proinsulin mRNA on to heavier polysomes, indicative of a recruitment of ribosomes on to the proinsulin mRNA (Figures 4ai and 4ii ). At either low or high glucose concentration, no proinsulin mRNA was detected at the top of the gradient, the predicted position of free proinsulin mRNA (non-ribosome associated, see Figure 4b ) (Figures 4ai and 4ii) and is in agreement with the results presented in Figures 1 and 2 .
Glucose also stimulated the recruitment of ribosomes on to other secretory protein-encoding mRNAs, PC2 and CPH mRNAs, Figure 4 Glucose stimulates an increase in ribosome recruitment on to ribosome-associated proinsulin mRNA (a) MIN6 cells were preincubated in KRB containing 2 mM glucose for 1 h followed by incubation in KRB containing 2 or 20 mM glucose for a further period of 1 h. Cells were lysed and polysome analysis was carried out using 7-47 % sucrose gradients. The gradients were fractionated from left (fraction 1) to right (fraction 20). (ai) Absorbance of the gradients was measured continually at 254 nm to give polysome profiles. (aii) RNA was isolated from each fraction and run on a 1 % agarose formaldehyde gel. RNA was transferred on to a nylon membrane and probed for proinsulin (PI), CPH, PC2, actin and S7 mRNAs. The results presented are representative of three separate experiments. (b) Cells were treated and fractionated as described in (a) except that 15 mM EDTA was included in the lysis buffer and the sucrose gradients to dissociate the ribosomes.
and on to a cytoplasmic mRNA, actin (Figure 4aii ). However, glucose had little effect on the recruitment of ribosomes on to S7 mRNA, a 5 -tract of oligopyrimidine mRNA.
To establish that the sedimentation properties of proinsulin mRNA were determined by its association with ribosomes, sucrose sedimentation gradient centrifugations were also performed in the presence of EDTA, which causes the dissociation of ribosomes from mRNA but does not, in general, disrupt non-ribosomal RNA-protein complexes (mRNPs) [24] . In the presence of EDTA, the proinsulin mRNA sedimented at the top of the gradient, the position expected for free mRNA (Figures 4bi  and 4bii) . These results provide evidence that, at low glucose, all of the detectable proinsulin mRNA is ribosome-associated and that, upon an increase in glucose concentration, additional ribosomes are recruited on to this mRNA. MIN6 cells were preincubated in KRB containing 2 mM glucose for 1 h followed by incubation in KRB containing 2 or 20 mM glucose for a further period of 1 h. (a) Cells were then lysed and fractionated by consecutive centrifugation. The membrane fractions were layered on to 20-50 % sucrose gradients, centrifuged and fractionated from left (fraction 1) to right (fraction 10). RNA was isolated from each fraction and run on a 1 % agarose formaldehyde gel. RNA was then transferred on to a nylon membrane and probed for proinsulin (PI), PC2 and CPH mRNAs. (b) Cells were then lysed and fractionated by the digitonin cell permeabilization method (using modified polysome buffer containing 130 mM KCl), resulting in a membrane fraction (Mem) and a cytosolic fraction (Cyt). The membrane fraction was consecutively washed with polysome buffer containing 250 mM KCl (250 mM wash) and 500 mM KCl (500 mM wash). RNA isolated from each fraction and washed was run on a 1 % agarose formaldehyde gel, transferred on to a nylon membrane and probed for proinsulin (PI) mRNA; 10 % refers to 10 % of total RNA.
Analysis of ER-associated proinsulin mRNA
Polysome analysis of MIN6 cell extracts indicated that all proinsulin mRNAs are associated with ribosomes at either low or high glucose concentration and that glucose stimulates a small increase in ribosome recruitment on to ribosome-associated proinsulin mRNA. However, from results presented in Figure 1 , it is clear that a large percentage of proinsulin mRNA is cytosolic and therefore is unlikely to be actively translated. Therefore an increase in the recruitment of ribosomes on to actively translating proinsulin mRNA at the ER may be masked by the population of non-translating, ribosome-associated, cytosolic proinsulin mRNA. Consequently, the sedimentation profiles of proinsulin mRNA, associated only with ER membranes at both low and high glucose concentrations, were determined by polysome profile analysis (Figure 5a ).
MIN6 cells were incubated for 1 h at either 2 or 20 mM glucose. The cells were then fractionated into cytosolic or membrane fractions and the membrane fraction was centrifuged through a sucrose sedimentation gradient. Analysis of the sedimentation profile of ER-associated proinsulin mRNA confirmed that, at low glucose concentration, all proinsulin mRNA sedimented with either monosones or polysomes. However, at high glucose concentration, there was a large increase in ER-associated proinsulin mRNA and a shift of proinsulin mRNA on to heavier polysomes (Figure 5a ). These changes confirm that glucose stimulates the recruitment of proinsulin mRNA to the ER and also demonstrates that glucose stimulates the recruitment of ribosomes on to ribosome-associated proinsulin mRNA (Figure 5a ). Glucose also stimulated the recruitment of ribosomes on to PC2 and CPH mRNAs; results were similar to those presented in Figure 4 (Figure 5a ). Therefore glucose probably stimulates the recruitment of ribosomes on to all ER-associated mRNAs.
The glucose-stimulated recruitment of proinsulin mRNA to the membrane is probably mediated by promoting the association of the proinsulin mRNA RNC-SRP complex with the SR, located on the ER. However, more distal steps in the synthesis of proinsulin may also be regulated by glucose, such as the transfer of proinsulin mRNA RNC from the SR to the translocon. To investigate this, MIN6 cells, incubated at either low or high glucose concentration, were lysed and fractionated by the digitonin cell-permeabilization method (Figure 5b ). The membrane fractions were then washed with increasing salt concentration in order to differentiate proinsulin mRNA tightly associated with the ER membrane (i.e. probably due to the insertion of the proinsulin nascent chain in the translocon) from proinsulin mRNA loosely associated with the ER (i.e. those whose nascent chain is yet to be transferred to the translocon) [25] . As shown in Figure 5(b) , the two salt washes performed resulted in the loss of exactly the same amount of proinsulin mRNA from membranes isolated at either low or high glucose concentration. Therefore the same quantity of proinsulin mRNA at either low or high glucose concentration is loosely associated with the membranes (Figure 5b ). Thus it is unlikely that the transfer of proinsulin RNC from the SR to the translocon is regulated by glucose.
Evidence that glucose may stimulate an increase in the rate of ribosome recycling/recruitment on to proinsulin mRNA It has been reported previously that glucose stimulates the recruitment of proinsulin mRNA from a large pool of free mRNAs on to polysomes, i.e. an increase in proinsulin de novo initiation [3, [7] [8] [9] . However, we were unable to detect any pool of free proinsulin mRNA or detect any increase in the rate of de novo initiation on the proinsulin mRNA. One explanation for the differences observed between this report and others is that we add cycloheximide to the cells before lysis, a step included to prevent ribosomal run-off. Omission of cycloheximide may result in increased ribosomal run-off and the formation of a pool of free proinsulin mRNA.
To ascertain whether the omission of cycloheximide could lead to the formation of a pool of free proinsulin mRNA, polysome analysis was performed on MIN6 cells incubated at either low or high glucose concentration, in which cycloheximide was either added or omitted from the method (Figures 6ai/ii and 6bi/ii). As previously demonstrated (see Figures 1 and 4) , when cycloheximide is added 10 min before cell lysis, no free proinsulin mRNA is detected at either low or high glucose concentration (Figure 6ai ). However, if no cycloheximide is added to the cells incubated at low glucose concentration before cell lysis, a large proportion of proinsulin mRNA sediments at the top of the gradient (i.e. as a free mRNA pool), possibly a consequence of ribosomal run-off (Figure 6aii) . At high glucose concentration, in the absence of cycloheximide, only a small proportion of proinsulin mRNA sediments at the top of the gradient (Figure 6aii) . The results presented here, in the absence of cycloheximide, appear to be similar to those reported previously [3, [7] [8] [9] . However, in these previous studies, the results were interpreted as evidence for the presence of a large pool of free proinsulin mRNA that is recruited on to polysomes in response to glucose.
As it has been previously reported that glucose can stimulate the rate of elongation [7] , we would have expected more ribosomal run-off at high versus low glucose concentration. However, we observe more ribosomal run-off at low glucose concentration than at high glucose concentration (Figure 6aii) . One possibility for this apparent contradiction is that glucose stimulates an increase in ribosome recruitment on to the proinsulin mRNA (see Figure 6 Evidence for increased ribosome recycling/recruitment on to proinsulin mRNA at high glucose MIN6 cells were preincubated in KRB containing 2 mM glucose for 1 h followed by incubation in KRB containing 2 or 20 mM glucose for a further period of 1 h. During the final 10 min of incubation, the following were added: (ai, bi) 0.1 mg/ml cycloheximide, (aii, bii) no treatment, (aiii, biii) 0.1 µg/ml pactamycin and (aiv, biv) 0.1 mg/ml cycloheximide and 0.1 µg/ml pactamycin. Cells were lysed and polysome analysis was carried out on 20-50 % sucrose gradients. Gradients were fractionated from left (fraction 1) to right (fraction 10). (a) Northern-blot analysis: RNA was isolated from each fraction and run on a 1 % agarose formaldehyde gel. RNA was then transferred on to a nylon membrane and probed for proinsulin (PI) mRNA. (b) Polysome profiles.
Figures 4 and 5) (i.e. at high glucose concentration, ribosomal run-off from a proinsulin mRNA is counteracted by the loading of additional ribosomes on to that mRNA). To investigate this possibility, pactamycin, an inhibitor of a late step in initiation and dipeptide-bond formation [26] [27] [28] , was added to MIN6 cells incubated at either low or high glucose concentration for 10 min before lysis to prevent ribosomal recruitment on to mRNA. Under these conditions, proinsulin mRNA sediments with either monosomes or disomes at either low or high glucose concentration, presumably due to the combination of ribosomal run-off and the inhibition of dipeptide-bond formation ( Figure 6aiii ). As at high glucose concentration, ribosomal run-off has definitely occurred in the presence of pactamycin, therefore ribosomal run-off must also occur in its absence (see Figures 6aii and 6aiii) . Therefore this provides evidence that at high glucose concentration, in Rat islets were preincubated in KRB containing 2 mM glucose for 2 h followed by incubation in KRB containing 2 or 20 mM glucose for a further period of 1 h. (a) Cells were fractionated by consecutive centrifugation as described in Figure 1 . RNA was isolated from each fraction and run on a 1 % agarose formaldehyde gel, then transferred on to a nylon membrane and probed for proinsulin (PI) mRNA; (bi) Cells were lysed and the lysates were layered on to 20-50 % sucrose gradients, centrifuged and fractionated from left (fraction 1) to right (fraction 10). RNA was isolated from each fraction and run on a 1 % agarose formaldehyde gel. RNA was then transferred on to a nylon membrane and probed for proinsulin (PI) mRNA. (bii) Cells were treated and fractionated as described in (bi) except that 15 mM EDTA was included in the lysis buffer and the sucrose gradients to dissociate the ribosomes but leave mRNPs intact.
the absence of inhibitors (Figure 6aii ), ribosomal run-off is coincident with the recruitment of ribosomes on to proinsulin mRNA. This could be mediated through the observed increase in ribosome recruitment on to ribosome-associated proinsulin mRNA (see Figures 4 and 5) , or perhaps an increase in the rate of ribosome recycling. The addition of both pactamycin and cycloheximide to MIN6 cells incubated at either 2 or 20 mM glucose for 10 min before lysis to freeze the mRNA-ribosome complex generates a sedimentation profile of proinsulin mRNA similar to that generated in the presence of cycloheximide alone (Figures 6ai and 6aiv) . Similar sedimentation profiles were observed for other mRNAs investigated, including PC2 and actin (results not shown). Taken together, these results provide evidence that glucose may stimulate a rapid increase in the rate of ribosome recycling/recruitment. However, other explanations for these results could also be possible.
Investigation of glucose-stimulated proinsulin synthesis in islets of Langerhans
To ascertain whether the principal results obtained in the clonal β-cell line MIN6 also occur in primary β-cells, changes in the subcellular distribution and sedimentation profiles of the proinsulin mRNA in response to glucose were investigated in islets of Langerhans.
Islets of Langerhans were isolated from rats and incubated in KRB containing either 2 or 20 mM glucose for 1 h. The cells were then lysed and the lysates fractionated by consecutive centrifugation. The location of proinsulin mRNA within each fraction was determined by Northern-blot analysis (Figure 7a ). At 2 mM glucose, a large proportion of the proinsulin mRNA was found in the P200 fraction (47 %), whereas 29 % was found to be associated with the ER (P6) (Figure 7a ). In contrast, at 20 mM glucose, the majority of proinsulin mRNA (59 %) was found to be associated with the ER (P6 fraction) while 27 % was found in the P200 fraction (Figure 7a ). Therefore, in response to an increase in glucose concentration, there is an approx. 200 % increase in the amount of proinsulin mRNA at the ER (Figure 7a ).
At either low or high glucose concentration, little to no free proinsulin mRNA was detected (S200 fraction) (Figure 7a) . These results are similar to those observed in MIN6 cells. Additionally, islets of Langerhans were incubated for 1 h in KRB containing 2 or 20 mM glucose before cell lysis and sucrose sedimentation gradient centrifugation. The sedimentation of proinsulin mRNA across the gradients was determined by Northern-blot analysis (Figure 7bi) . In order to establish that the sedimentation properties of proinsulin mRNA are the consequence of its association with ribosomes, sucrose sedimentation gradient centrifugations were also performed in the presence of EDTA (Figure 7bii) .
In the absence of EDTA, all the proinsulin mRNA sedimented with either monosomes or polysomes (Figure 7bi) . Upon an increase in glucose concentration, there was a small but significant shift of the proinsulin mRNA on to heavier polysomes, as observed in MIN6 cells (compare Figure 7bi with Figure 4 ). In the presence of EDTA, proinsulin mRNA sedimented at the top of the gradient, at either low or high glucose concentration, the expected position of free mRNA (Figure 7bii ). These results confirm that, at low glucose concentration, all the detectable proinsulin mRNAs are ribosome-associated and that, upon an increase in glucose concentration, more ribosomes are recruited on to this mRNA. These results also show that there is neither a large pool of free proinsulin mRNA nor a perceivable increase in the de novo initiation rate on the proinsulin mRNA in response to glucose.
DISCUSSION
In response to an increase in extracellular glucose concentration, there is a rapid increase in proinsulin synthesis and a co-ordinate increase in the majority of other secretory proteins, including the proinsulin endopeptidases PC2 and PC3 [3, 6, 11, 20, 29] . These rapid increases in protein synthesis are mediated almost entirely at the translational level [3, 5, 6] and ensure that proteins released upon glucose-stimulated exocytosis are immediately replenished with newly synthesized proteins. Moreover, ongoing translation is necessary for glucose-stimulated proinsulin secretion as inhibition of translation leads to defects in insulin secretion [30] . As glucose stimulates a greater fold increase in proinsulin synthesis compared with that of the majority of other proteins, including other secretory granule proteins, it is believed that glucose stimulates proinsulin synthesis by a specific mechanism [5] . However, the mechanism by which glucose stimulates secretory granule protein synthesis, and specifically proinsulin synthesis, is poorly understood.
In the present study, we demonstrate, in both MIN6 cells and islets of Langerhans, that glucose stimulates the recruitment of ribosome-associated proinsulin mRNA, which is primarily located in the cytosol, to the ER. Additionally, we show, in MIN6 cells, that glucose stimulates the recruitment of other mRNAs encoding secretory proteins (i.e. CPH and PC2) from the cytosol to the ER. In MIN6 cells, the recruitment of proinsulin, CPH and PC2 mRNAs to the ER parallel increases in their synthesis (Figure 2 ; I. C. Greenman and T. P. Herbert, unpublished work; [22] ). Indeed, it has been previously reported that the synthesis of the majority of secretory proteins are stimulated by glucose in islets [20] . Therefore it is likely that glucose stimulates the recruitment of all mRNAs encoding secretory membrane proteins to the ER and that this is an important mechanism by which glucose specifically stimulates the synthesis of secretory granule proteins.
Importantly, glucose has a greater stimulatory effect on the recruitment of proinsulin mRNA to the ER compared with its effect on the recruitment of either CPH or PC2 mRNAs to the ER (see Figures 1 and 2 ). This glucose-stimulated recruitment of proinsulin mRNA to the ER is sufficient to lead to a significant increase in proinsulin synthesis as assessed by either in vitro translation of proinsulin mRNA isolated from the membranes of MIN6 cells incubated at either low or high glucose concentration or from in situ translation of proinsulin mRNA on ER membranes isolated from MIN6 cells incubated at either low or high glucose concentration (see Figure 3) . Therefore the recruitment of the proinsulin mRNA to the ER plays a significant role in glucosestimulated proinsulin synthesis. Moreover, as proinsulin mRNA is preferentially recruited to the ER in response to glucose, this explains, at least in part, why glucose stimulates the synthesis of proinsulin above that of other secretory granule proteins, such as PC2 [6] . This selective recruitment of mRNAs encoding secretory proteins to the ER provides a novel mechanism to regulate secretory protein expression and may prove a paradigm for the regulated expression of secretory membrane proteins in other neuroendocrine cells.
Contrary to previous reports, we could not detect any significant pool of free proinsulin mRNA in both MIN6 cells and islets [3, [7] [8] [9] . However, at either low or high glucose concentration, we observed that almost all detectable proinsulin mRNA is associated with ribosomes. At low glucose concentration, a large proportion of the ribosome-associated proinsulin mRNA is located in the cytosol and not associated with the ER, the site of proinsulin synthesis (Figures 1 and 2) . Therefore the translation of proinsulin from this pool of mRNA is probably arrested possibly through an interaction between the signal peptide and SRP. In contrast, at either low or high glucose concentration, the majority of both CPH and PC2 mRNAs are associated with the ER (Figures 1 and  2) . The mechanism by which proinsulin mRNA is prevented from being recruited to the ER at low glucose concentration is unclear, but this is a likely key in understanding the mechanism by which glucose stimulates proinsulin synthesis in pancreatic β-cells.
Previous reports examining the subcellular distribution of proinsulin mRNA in islets, incubated at either low or high glucose concentration, have observed a large pool of free proinsulin mRNA (47-62 %) located in the cytosol and that, upon an increase in glucose concentration, there is a recruitment of approx. 15-38 % of the total proinsulin mRNA on to monosomes/polysomes located either within the cytosol or associated with the ER, through an increase in the rate of de novo proinsulin mRNA initiation [3, [7] [8] [9] . However, the interpretation of these previous reports should be re-evaluated as no cycloheximide, an inhibitor of elongation, was added to the cells before cell lysis or to the lysis buffer. Cycloheximide is routinely added to the media before cell lysis and to the lysis buffer to prevent ribosomal run-off. Indeed, we show that the failure to add cycloheximide leads to the appearance of a large pool of free proinsulin mRNA, presumably the result of ribosomal run-off ( Figure 6 ).
The results presented in this paper clearly demonstrate that proinsulin mRNA recruitment to the ER is likely to play a significant role in glucose-stimulated proinsulin synthesis. Nonetheless, the recruitment of the proinsulin mRNA to the ER alone cannot fully explain the large increase in proinsulin synthesis observed in pancreatic β-cells in response to glucose. Indeed, we also demonstrate that glucose stimulates the recruitment of ribosomes on to ribosome-associated proinsulin mRNA (Figure 4 ). An increase in ribosome recruitment on to PC2, CPH and actin mRNAs was also observed, indicating that there is a probable global increase in the rate of initiation (Figure 4) .
We also provide evidence that glucose may stimulate an increase in the rate of ribosome recycling ( Figure 6 ). Indeed, the 5 -and 3 -UTRs of the proinsulin mRNA have been shown to act co-operatively to stimulate proinsulin synthesis in response to glucose [13] , possibly via an increase in the rate of ribosome recycling from the 3 -UTR to the 5 -UTR.
Based on the evidence provided in this paper, we believe that the combinational effects of glucose on the recruitment of proinsulin mRNA to the ER and an increase in the rate of initiation may be sufficient to account for the glucose-stimulated increase in proinsulin synthesis in pancreatic β-cells.
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